A valence force field has been refined for crystalline polyglycine I using its known antiparallel chain pleated-sheet structure and without replacing the CH, group by a point mass. Polyglycine I and four of its isotopic derivatives were used in the refinement. The calculated frequencies are in good agreement with the observed, except for the amide I modes. It is shown that this is a consequence of the fact that no reasonable force field predicts a large Dlo term of the Miyazawa perturbation treatment. The amide I splittings can, however, be satisfactorily accounted for by introducing a direct interaction force constant between adjacent C=O groups in neighboring chains. This can reasonably arise from transition dipole coupling and corresponds to the heretofore neglected DII term.
INTRODUCTION
There have been many studies of the vibrational spectra of polyglycine, +NHCH2COj,, the simplest member of the polypeptides, +NHCH-RCOj,, and of the polyamides +NH[CH2],CO+, as well. The existence of two rotational-isomeric structures in the crystalline state was first suggested by Elliott and Malcolm from their infrared study.' They named one form, which is obtained by casting from haloacetic acid solutions, polyglycine I (PG I) and the other, obtained by precipitation from an aqueous solution saturated with LiBr, polyglycine I1 (PG 11). The dichroism of the infrared bands of PG I, of which oriented samples are readily obtainable, was also measured by them. The far infrared region was studied by Miyazawa,2 who found large spectral differences between PG I and PG 11.
The most comprehensive infrared data on various isotopic molecules such as -NHCH,CO-, -N15HCH2CO-, -NDCH2CO-, -NHCD,CO-, and -NDCD&O-were reported by Suzuki et aL3 Krimm and Kuroiwa analyzed low-temperature infrared spectra in relation to N-H---O=C' and C-H---O=C ' hydrogen b~n d i n g .~ Raman data were reported recently by Smith et aL5 and by Small et al.'j Inelastic neutron scattering has been measured by Gupta et al."* Infrared and Raman studies on oligomers and model compounds have been undertaken by several workers.SI9 -1 1 Theoretical calculations of normal vibrations of polyglycines have also been carried out. However, most of these calculations are incomplete, in the sense that they were done on only one or two isotopic molecules and/or approximate structures. In addition, limited Urey-Bradley force fields were employed in the calculations. When compared with the abundance of experimental data mentioned above, a more refined calculation is clearly justifiable. As an extension of the recent study on the valence force field of the amide group,12*13 we have recalculated the normal vibrations of various isotopic molecules of crystalline PG I and of the PG I1 single chain, and have determined their valence force fields using the actual structures. The results on PG I are reported here and those on PG I1 in the following paper.
The normal vibrations of the PG I single chain were first treated by Fukushima et al.14*16 and then by Gupta et al. ? Fukushima and Miyazawa also treated the PG I crystal consisting of antiparallel chains.16J6 In all of these calculations the CH2 group was approximated by a single mass and the chain conformation was assumed to be planar. The present calculations were done on the actual conformation determined by X-ray diffraction studies, and without replacing the CH2 group by a single mass.
EXPERIMENTAL
Far infrared spectra of PG I in the 500-200 cm-l region were obtained using Beckinan I R 12 and Perkin-Elmer 180 spectrometers. The sample, from Sigma Chemical Company (molecular weight >6,000), was purified by precipitating from a 1% solution of saturared aqueous LiBr. It was then dissolved in dichloroacetic acid or trifluoroacetic acid and cast on polyethylene film. The film was folded over and pressed under ca 18,000 psi. Three bands were found at 321 (very weak), 270 (broad and weak), and at 217 cm-' (medium). The band at 413 cm-l reported by Gupta et al? was found in the unpurified sample, but disappeared upon purification. 
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Structure of crystalline polyglycine I: (A) projected on the ab plane, (B) jected along the a axis.
TABLE I Structural Parameters for Polyglycine21
Bond lengths (in A)
The only interchain interaction considered in the calculations was the N-H---O=C' hydrogen bond. Accordingly, the distance between neighboring sheets, that is the dimension along the c axis, and the magnitude of the angle / 3 of the monoclinic unit cell are of no importance. It was assumed that a given peptide group and the peptide group to which it is hydrogen bonded lie in the same plane together with the hydrogen bonds. In other words, the b and c coordinates of the methylene carbon of unit I are assumed to be the same as those of unit I11 in Figure 1 . For this structure the angles C'=O---H and N-H---0 are 175.5' and 176.0", respectively, C'4---H-N being almost linear.
Internal Coordinates and Local Symmetry Coordinates
Internal coordinates for a peptide group of crystalline PG I are given in Table 11 . In this table, Ar and A6 are increases in bond length and bond angle, respectively; A711 and AyI are a pair of bending coordinates per- 
Definitions of positive directions for some internal coordinates.
pendicular to each other for a linear group such as N-H---O;22 Aw is an out-of-plane bending coordinate for a trigonal planar group B-A /C \D' defined by Aw = ACYB sin( LC-A-D) where ACYB is a displacement of the bond B-A from the plane C-A-D; and At is the sum of all torsional coordinates associated with a bond divided by the number of terms in the C'-N bond, ATABCD being the increase in the torsional angle for AB-CD (e.g., At = (ATCC~NC + A T C C~N H + AToCfNC + A T~c ' N H ) /~ for the 
a Here ip denotes vibrations in the plane of the amide group and op denotes those perpendicular to this plane. measured in the clockwise direction). Positive directions for the linear bending and the out-of-plane bending coordinates were defined as shown in Figure 2 . Local symmetry coordinates for one peptide group, which are constructed from the internal coordinates defined above, are given in Table 111 .
Optically Active Symmetry Coordinates and Selection Rules
The optically active symmetry coordinates for the whole crystal are These are shown The symmetry coordinates classified into four symmetry species, A, B1, B2, and BB.
in Table IV , which was taken from Ref.
15.
for each species are given by Table I11 for the peptide groups (I, 11, 111, and IV as designated in Fig. 1 ) of the ith unit cell. The sums are taken over all unit cells, and c is a normalization factor. Selection rules and the dichroic nature of the infrared bands are also given in Table IV .
Valence Force Field
Force constants corresponding to the following types of potential energy 1. Potential energy for each internal coordinate:
terms were considered in the present calculations (see Fig. 3 ).
V ( a )
where Au = AT, At), AT, Aw, or At given in Table 11 , and V(u) and f(a) are the relevant potential energy and force constant, respectively. Similar notations are used in the following. (The units of f(u) are mdyn/A for the stretching coordinate and mdyn-A for the other coordinates).
2. Interaction energy between the bond stretching coordinates for a pair of bonds which share a common atom : 
4.
Interaction energy between the bending coordinates for a pair of bond angles; between the out-of-plane bending coordina.tes for a pair of trigonal planar groups; or between the bending coordinate for a bond angle and the 
No interaction terms were considered for the interchain coordinates except for the one between the C'=O stretching and 0---H stretching coordinates in the following part of the s t r~c t u r e~~~~~:
The interaction energy between the C-H or N-H stretching coordinate and any other coordinate was also neglected.
Since the angle bending coordinates adopted for the C-C'O-N, C'-NH-C, and N-CH2-C' groups are not all independent, the force constants introduced above are not all independent. Instead, only a certain number of linear Combinations are independent. The potential energy matrix based on the symmetry coordinates, for which the local redundancies in each of the above three groups are removed, must be expressed in terms of such independent linear combinations only. For example, we do not need the six force constants f(CC'N), f(CC'=O), f-
group, but only the following three linear combinations :
We have taken the above linear combinations as force constants, and represented them by f(CC'N), f(CC'=O), and j(NC'=O), respectively. That is, the force constants f(CC'N) etc used hereafter include some minor interaction terms such as f'(CC'N,CC'=O). Similar modifications were made for the force constants of the C'-NH-C and N-CH2-C' groups. As a result, the seventy-eight force constants listed in Table V were adopted for the PG I crystal.
The interdependence of force constants described above comes from geometrical features. Isotopic substitution does not affect it.
Adjustment of Force Constants
The force constants were adjusted by considering (a) the infrared data and -NDCDzCOreported by Suzuki, Iwashita, Shimanouchi, and T s~b o j ,~ (b) the far infrared data on -NHCH&O-obtained in the present work, and (c) the Raman data on -NHCH&O-reported by Small, Fanconi, and Peticolas.6 of -NHCHzCO-, Nl'HCHZCO-, -NDCH2CO-, -NHCDzCO--, Our assignments of observed bands are almost the same as those for a single chain in the previous s t~d i e s .~,~~' ,~~J~
The infrared bands were assigned to B, modes, B S modes, and/or BB out-of-plane modes, since A modes are infrared-inactive and Ba in-plane modes are expected to be very weak in the infrared spectrum (as pointed out by Fukushima, Ideguchi, and M i y a~a w a~~) .
The infrared dichroism data of Elliott and iliIalcolml were also considered, and all of the assignments were made consistent for all isotopic molecules. The Raman bands of -KHCH&O-were assigned in a similar way.
Values for the interchain force constants were chosen in the following (Such an interaction term is probably physically justifiable, since the resonant nature of the peptide group implies that changes in the C'=O bond will influence the electronic distribution in the N-H bond, which in turn will affect the H---0 stretching vibration). In the present, calculations two values ucre assumed, 0.0 and 0.45 mdyn/& the latter having been used by Fukushima and Miyazawa. With respect to the seventy-two intrachain force constants, the eigenvalues and eigenvectors of the J W J matrix (where J is the Jacobian matrix defined by J,, = dv,/bf,, J is the transpose of J, and W is a diagonal weighting matrix for the frequencies) indicate that more than thirty force constants are badly correlated with other force constants and that most of the former are associated with skeletal vibrations. This is natural bccause there are thirty-five force constants directly associated with skeletal vibrations while only fifteen observed frequencies serve to determine them (note that the skeletal modes of deuterated molecules are almost the same as those of the normal molecule, and their observed frequencies therefore cannot be considered as independent data for determining the force constants). After several least-squares adjustment trials under various conditions, twenty-nine force constants (of which four pairs were set equal to where nabs is the number of observed frequencies, nfc the number of variable force constants, and wi = Wii and A = J W J, W and J being defined in the text. The force constants followed by their uncertainties were determined by least squares, those marked by t were adjusted by trial and error, and other force constants were transferred from amides12 and paraffins.27 *** indicates that the value is in the same as in set 1-1.
each other) were determined by least squares, nine more constants were adjusted by estimation, and the remaining thirty-four constants were fixed to zero or to rough values estimated from the valence force field of the amide group12 and that of the paraffimn In carrying out the least-squares adjustment, all observed frequencies were weighted by unity and N15 isotope shifts were weighted by five, except for the shifts of amide I and amide I1 which were weighted by fifty since they only can determine the difference
Only B1 and Bz vibrations were taken into account in the adjustment of the intrachain force constants, because only a few experimental data are available for A and B3 vibrations. B3(v(r,r) ) frequencies are small for most intrachain modes, as will be shown later, and this simplified procedure does not produce any significant error. For comparison, values of the force constants based on the single-chain treatment were also derived by setting all interchain force constants equal to zero.
Splittings between A(v(0,O)) and B1(u(O,r)) frequencies and between BZ(v(r,O)) and
Set 1-1 corresponds to taking f(C'=O,H---0) = 0.0, set 1-2 to taking f(C'=O, H---0) = 0.45 mdyn/A, and set 1-3 is that for a single chain. The frequencies of crystalline PG I calculeted with the force constants of set 1-1 are compared with the experimental values in Table VI . Assignments based on the calculated potential energy distributions2* are also given in the table. While not a perfect description of the normal coordinate, the potential energy distribution is a useful indication of the nature of the normal vibration. The agreement between observed and calculated frequencies is generally good, except for the amide I frequencies which will be discussed in the next section. The frequencies calculated with set 1-2 force constants are all within a few cm-I of those calculated with set 1-1, except for the amide I modes (A, 1645; B1, 1686; B,, 1641; Ba, 1682), the coupled CH, rock and skeletal stretch B modes in the A and BZ species (A, 987 and 931, BP, 987 and S72), and the H---0 stretching lattice vibration (B3, 138). For purposes of comparison the calculated frequencies, assignments, and potential energy distributions for the single chain case (ie, using force constant set 1-3) are given in Table VII .
The values of the force constants are listed in Table V .
DISCUSSION
It is of interest to compare the potential energy distributions for the normal modes of a single chain, given in Table VII , with those given by previous c a l c~l a t i o n s . 9~~~~~~ We find from the present calculation that the CH, wagging and rocking modes make a significant contribution to the characteristic amide Vibrations. This was of course not apparent in earlier calculations where the CH2 group was approximated by a point mass. The present calculation also shows that the C'=O out-of-plane bending mode (amide VI) and the C'=O in-plane bending mode (amide IV) are significantly mixed. This is of course due to the nonplanar chain geometry used in the present calculation as compared to the planar polypeptide chain which was assumed in the earlier calculations. The different assignments of some of the lower frequency amide modes as well as some of the skeletal modes undoubtedly arise from the different force field used in the present work as well as from the factors mentioned above.
With respect to the calculation on crystalline PG I, it will be seen that force constant sets 1-1 and 1-2 are not very different. Thus, the choice of f ( C ' 4 , H ---0 However, we have found that the large and positive value of Dlo cannot be reproduced by using any ordinary force field, which is why there is poor agreement between the observed and calculated amide I frequencies shown in Table VI . Although calculations were also done for different repeat lengths, viz, 3.35, 3.55, and 3.62 8, for crystal structures in which neighboring chains were displaced +0.5 A and -0.5 8 along the chain direction, with respect to the structure shown in Figure 1 , a large and positive DIo could never be obtained. Nor have we been able to reproduce the large splittings claimed by Gupta et al.' by using their force field. It seems therefore that the only way to explain the splitting of the Amide I frequencies is to introduce direct interaction force constants between amide I vibrations, or roughly speaking, between C ' 4 stretching vibrations. (20) 14 (62) 14 (10) 15 (71) 15(72) CH, twist:
Amide 111: l (13) 3(14) 12 (26) 14(24) Skel. str. Ad: l (62) 2(14) 15 (20) 4 ( 15) 16(39) ' HZ rock: 4 ( 14) 16(48) 2 + 3 + 4(25) 9(12) Skel. str. Be: 2 + 3 + 4(40) 9 (14) Amide V: 18 (54) 21(59) 26(23) AmideIV: ll(36) 16(11) 17(17)21 (11) 16 (35) 17(11) 16 (27) 17(11) 2 (12) (21) 8 (21) lO (11) 18(30) 8(43) Amide VII: 9(33) 20 (11) 22(11) 9 (27) 20(10) 21(13) 22 (37) 23( 15) 26( 19) lattice vib: 18 (11) 21(16) 24(18) Torsion + 25 (17) 26(36) 24 (24) (12) 2 (13) ll (12) 12(44) 15 (79) 12 ( 12) (11) Amide IV: l (20) 2(14) 8(10) 9(18) ll (22) 18(35) 21(66) 26(22) Amide V: 18 (42) 21(67) 26(23) lO (38) l7 (23) 18(13) lO (25) 14( 11) 17(43) lO (21) 16(11) ( 12) 18(20) 21(13) Skel. def. B: 8(41) ll (31) 18 (13) 19 (29)20 (30) 22(92) Lattice vib 21 (12) 24 (32) 25 (10) 18 (22) 20 (13)21 (21) 21 (11) 26 (18) + torsion: 26 (28) 24 (20) (12) Skel' def' B: 8(.54) 22 (2l) 8 (20) 18 (28) 18 (37) 21(11) Amide VII: 9(34) 20 (11) 22 (11) 9 (28) 20( 10) (12) 18 (15) 21(19) Skel. def. B : 8(41) ll (31) 18 (12) 19 (30) 20 (30) 26 ( (13) ll (l1) 16 (26) (15) 22 (36) 23( 16) 25( 10) 18 ( 12) 21( 14) 24 ( 17) 26 ( (12) 21 (12) l (14) 9 (15) ll (14) (11) l(12) 2(13) 9(18) 11 (14) l (12) 
The first number refers to the symmetry coordinate in Table I11 ( 8 6 in this cme), the number in parenthesis to the fractional potential energy in this coordinate (if it is 10 or greater). Where one designation is given it signifies that both species have the same potential energy distribution. If direct interact,ion force constants are introduced between C'=O stretching vibrations, the one in the following structure that is between the groups I1 and IV in Figure 1 , seems to be the most natural. This is because the distance between the centers of the above two C'=O bonds is shorter than for any other pair. This interaction corresponds to the Dll term of Eq. (7). As we have suggested,33 the Dll term is probably generally important in interpreting the splittings of the amide I frequencies of the antiparallel chain pleated sheet structure. Thus, we expect that a more valid approximation of Equation (7) If we apply Eq. (9) to the three observed amide I frequencies of PG I, and assume that Dlo = 5 cm-', which is the largest value given by any of our trial calculations so far, we get vo = 1674.5, Do, = -119.5, and Dll = 14 ern-'. It should be mentioned that large splittings have also been observed for the C 4 stretching frequencies of dimers of carboxylic acids34 which have the structure and the existence of some sort of direct interaction between the C=O stretching vibrations was also suggested in this case.35 I n the latter case the interaction term corresponding to Dll was found to be -20 to -40 cm-'.
The Dll term could have its physical origin in t,he interactions between the transition dipoles of the C=O stretching vibrations, which would be given by (10) cos ff -3 cos p.cos y t o dimers of carboxylic acids always yields negative interaction terms (of magnitude -15 to -30 cm-I), as found by experiment. The direct int.eraction between C ' d transition dipoles thus seems to be a reasonable and probably necessary mechanism for accounting for the Amide T splittings in polypeptides and proteins.
